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Salmonella stimulates host cell invasion using viru-
lence effectors translocated by the pathogen’s
type-three secretion system (T3SS). These factors
manipulate host signaling pathways, primarily driven
by Rho family GTPases, which culminates in Arp2/3
complex-dependent activation of host actin nucle-
ation to mediate the uptake of Salmonella into host
cells. However, recent data argue for the existence
of additional mechanisms that cooperate in T3SS-
dependentSalmonella invasion.We identify amyosin
II-mediated mechanism, operating independent of
but complementary to the Arp2/3-dependent
pathway, as contributing to Salmonella invasion
into nonphagocytic cells. We also establish that the
T3SS effector SopB constitutes an important regu-
lator of this Rho/Rho kinase and myosin II-depen-
dent invasion pathway. Thus, Salmonella enters
nonphagocytic cells by manipulating the two core
machineries of actin-based motility in the host:
Arp2/3 complex-driven actin polymerization and
actomyosin-mediated contractility.
INTRODUCTION
Endocytic processes commonly coincide with dynamic actin
rearrangements driven by actin filament nucleators such as
Arp2/3 complex (Goley and Welch, 2006). Arp2/3 is regulated
by Rho GTPases like Rac1 or Cdc42, which stimulate the
complex via downstream effectors. Activation of Arp2/3 by the
Cdc42 effector N-WASP was for instance implicated in vesicle
trafficking and endocytosis. WAVE complex instead links Rac1
signaling to Arp2/3 activation for the formation of membrane
ruffles (Stradal and Scita, 2006), which can mediate enclosure
of extracellular material in macropinocytosis (Swanson, 2008).
However, the formation of actin-rich structures does notCellexclusively depend on the activity of Arp2/3 complex. For
instance, the Rho GTPase RhoA can activate mDia1, an actin
nucleator of the formin family, thought to drive Arp2/3-indepen-
dent formation of myosin II-decorated bundles of actin filaments
called stress fibers. In addition, RhoA induces Rho kinase-
dependent light chain phosphorylation and thereby myosin II
activation, leading to stress fiber formation and contractility
(Pellegrin and Mellor, 2007). Formins are also engaged in endo-
cytic processes, including CR3- as well as FcR-dependent
phagocytosis in macrophages (Colucci-Guyon et al., 2005;
Seth et al., 2006). Besides nucleators, a variety of further actin
binding proteins, like myosins that exert mechanical forces on
actin filaments, participate in endocytic events. Myosin II has
for instance been implicated in phagocytosis and in macropino-
cytosis (Jiang et al., 2010; Olazabal et al., 2002).
The actin machinery is hijacked by various pathogenic
bacteria (see, e.g., Mu¨nter et al., 2006). For instance,
S. flexneri is thought to enter host cells via an Arp2/3-dependent
macropinocytic mechanism (Sansonetti, 2006). Besides the
induction of Arp2/3-catalyzed actin assembly, engagement of
myosins is a further strategy to manipulate host cells for the
pathogens’ purpose. Myosin VII was shown to support
L. monocytogenes invasion into epithelial gut cells (Sousa
et al., 2004) and induction of pedestals by Enteropathogenic
E. coli (EPEC) is accompanied by activation of the RhoA activator
GEF-H1 and formation of myosin II-containing stress fibers
(Matsuzawa et al., 2004). Furthermore, the Shigella virulence
factor IpgB2 induces Rho activation and stress fiber formation
(Alto et al., 2006) by constituting a Dbl-like GEF mimic (Huang
et al., 2009; Klink et al., 2010). Although IpgB2 was implicated
in invasion, at least in the absence of the bacterial Rac-GEF
IpgB1 (Hachani et al., 2008), a potential link between entry and
IpgB2-induced stress fiber formation remains to be established.
S. Typhimurium has been extensively studied as amodel path-
ogen to manipulate the actin cytoskeleton. Upon ingestion,
S. Typhimurium reaches the intestine followed by infection of
different cell types, including M cells and nonphagocytic entero-
cytes. In order to invade nonphagocytic cells, Salmonella uses
a type-three secretion system (T3SS) to inject a cocktail of viru-
lence proteins (Haraga et al., 2008; McGhie et al., 2009). Two ofHost & Microbe 9, 273–285, April 21, 2011 ª2011 Elsevier Inc. 273
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Cdc42, Rac1, and RhoG (Friebel et al., 2001; Hardt et al.,
1998). A third bacterial effector, SopB, acts as a phosphatidylino-
sitol phosphatase to generate second messengers, which indi-
rectly induce activation of Cdc42 and RhoG (Norris et al.,
1998; Patel and Gala´n, 2006). Indeed, SopB-induced changes
of inositol phosphate metabolismwere early implicated in effect-
ing actin rearrangements, and it was shown to promote entry in
conjunction with SopE and SopE2 (Zhou et al., 2001). However,
whereas activation of host cell Cdc42 does not seem to play
a major role for the invasion process, Rac1 and RhoG are now
thought to mostly stimulate actin rearrangements mediating
the uptake of Salmonella into host cells (Ha¨nisch et al., 2010;
Patel and Gala´n, 2006). While the precise mode of RhoG-
induced entry has so far remained elusive, Rac1 activation by
Salmonella effectors is thought to stimulate WAVE- and Arp2/
3-catalyzed actin assembly, resulting in Salmonella-induced
ruffling. A ruffling-dependent macropinocytic mechanism was
until recently considered the common mode of Salmonella inva-
sion and has been referred to as the ‘‘trigger’’ mode of entry
(McGhie et al., 2009; Patel and Gala´n, 2005). However, recent
data strongly argue for the existence of additional mechanisms
that cooperate in T3SS-dependent Salmonella invasion, since
entry can also occur in the absence of membrane ruffling. The
identification of WASH as an Arp2/3 activator involved in Salmo-
nella invasion has elucidated a potential alternative to ‘‘trig-
gered’’ entry (Ha¨nisch et al., 2010; Rottner et al., 2010). Our
recent experiments have also uncovered an Arp2/3 complex-
independent aspect of invasion (Ha¨nisch et al., 2010). This
aspect is further explored here, uncovering an, Arp2/3-indepen-
dent Salmonella invasion mechanism, which is based on myosin
II-mediated contractility and constitutes a relevant target of
signaling initiated by the bacterial effector SopB.
RESULTS
Myosin II-Mediated Contractility Contributes
to Salmonella Invasion
Our previous studies suggested the existence of an Arp2/3
complex-independent, but actin-dependent, Salmonella inter-
nalization mechanism (Ha¨nisch et al., 2010). The observation of
stress fiber-like structures when inspecting tissue cultured cells
during Salmonella invasion led us to evaluatemyosin II-mediated
contractility as a potential regulator of Salmonella entry. To
address this in more detail, we performed immunolocalization
studies in fibroblasts using antibodies specific for the paralogs
of myosin II (MIIA, MIIB) that both localize in stress fibers (Conti
and Adelstein, 2008). Frequently, the observed actin rearrange-
ments resembled cellular stress fibers, i.e., MIIA- and MIIB-
decorated filamentous structures at sites of host cell-associated
wild-type (WT) Salmonella (Figures 1A and 1B). These appeared
to radiate from bacterial attachment sites and were anchored at
their opposite ends in vinculin-rich focal adhesions (Figure 1C),
which link stress fibers to the extracellular substratum. The
attachment to adhesion sites at only one endmirrors the compo-
sition of so called dorsal stress fibers (Hotulainen and Lappalai-
nen, 2006) that elongate from attachment points at the ventral
cell membrane to the dorsal side, where the connecting structure
and its molecular constituents are poorly defined (Pellegrin and274 Cell Host & Microbe 9, 273–285, April 21, 2011 ª2011 Elsevier InMellor, 2007). Occasionally, invading Salmonella appeared
embedded into amyosin II-rich cave-like structure, possibly rep-
resenting a later stage of the invasion process (bottom panels in
Figures 1A and 1B), and, in some incidences, the invasion site
was encircled by a myosin II-rich ring (see bottom panel of
MIIB localization), caused presumably by the local stimulation
of contractility through T3SS-delivered factor(s). Importantly,
none of these structures was provoked by T3SS-defectiveDsipB
bacteria (Ha¨nisch et al., 2010) (Figure S1A available online).
To obtain further evidence for a potential involvement of
myosins in the infection process, we quantified the invasion effi-
ciency of S. Typhimurium WT or the noninvasive DsipB mutant
(negative control) into cells pretreated with the general myosin
ATPase inhibitor 2,3-Butanedione 2-Monoxime (BDM), using
gentamicin protection assays (Elsinghorst, 1994). The entry-defi-
cient mutant was tested in all experimental settings to exclude
that conditions employed induce unspecific uptake of bacteria
by the host cells. Appropriate conditions were determined in
advance by staining the actin cytoskeleton of inhibitor-treated
cells, followed by selection of those conditions where cells no
longer displayed typical actin/myosin II-containing stress fibers
and focal adhesions. For all inhibitors used in this study, potential
toxic effects on growth of Salmonella or on host cell behavior
were excludedbyperforming bacterial growth curves and control
invasion assays with cells after inhibitor treatment and washout.
Toxic effects on bacteria were never observed. In contrast,
host cellswere sensitive to excess concentrations of BDM,which
could thus only be applied in amounts that reduced but did not
eradicate stress fibers and focal adhesions (Figure S1B). Never-
theless, partial inhibition of myosin activity by BDM still largely
inhibited uptake of WT Salmonella (by 85%) (Figure S1C).
However, as BDM is believed to affect the majority of cellular
myosins, we next specifically targeted myosin II-mediated
contractility using S-(–)-blebbistatin (S-bleb). Interestingly,
S-bleb significantly reduced entry rates of WT bacteria into cells
by45%,ascompared to cells pretreatedwith the inactiveR-(+)-
enantiomer (R-bleb) (Figure 2A and Figure S2A). The sensitivity of
invasion rates to myosin inhibition was independent of bacterial
loads, as a five times reduced inoculum caused approximately
five times reduced invasion, but equal relative inhibition of entry
by blebbistatin (Figure S2B). Interference with entry was also
confirmed with inside/outside staining, demonstrating that
S-bleb treatment did not affect the numbers of bacteria associ-
ated with host cells upon infection (Figure 2B). Thus, invasion
andnot attachment is impairedwhen inhibitingmyosin II function.
Finally, inhibition of the negative myosin II regulator myosin
light chain phosphatase (MLCP) with calyculin A (calA) enhanced
entry rates of S. Typhimurium WT by 30%, underscoring the
invasion-stimulating role of myosin II-mediated contractility (Fig-
ure 2C and Figure S2C).
We therefore propose an engulfmentmechanism employed by
Salmonella that is accompanied by the formation of stress fiber-
like structures exerting contractile forces to facilitate membrane
invagination underneath bacteria.
Myosin II-Mediated Invasion Complements
Arp2/3-Regulated Entry
Myosin II was reported to play a role in certain kinds of macropi-
nocytosis (Jiang et al., 2010), and S-bleb treatment may thusc.
Figure 1. MIIA and MIIB Accumulate at Salmonella-Induced Stress Fiber-like Structures
(A and B) Immunodetection of MIIA (A) and MIIB (B) (red in merge) in VA-13 fibroblasts (mock RNAi treated; compare Figure 3) infected with S. Typhimurium WT
(DAPI staining, blue in merge). F-actin was stained with phalloidin (green). Salmonella-induced actin-rich structures are reminiscent of myosin II-decorated stress
fibers (arrows). In some instances, formation of ring-like structures can be observed (arrowheads, bottom panels).
(C) Salmonella-induced actin-rich structures (green in merge) are frequently anchored to focal adhesions (arrowheads) (stained by anti-vinculin antibodies; red in
merge) at those ends, which are opposed to Salmonella (blue in merge) attachment sites.
Scale bars represent 10 mm. See also Figure S1.
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However, immunostainings and video microscopy analysis
demonstrated that Salmonella were still able to induce Arp2/3-
regulated membrane ruffles under conditions of myosin II inhibi-
tion and to enter host cells throughmacropinocytosis (Figures 2D
and 2E), whereas induction of stress fiber-like structures couldCellnot be observed upon S-bleb treatment (data not shown). On
the other hand, myosin II isoforms were still recruited in ruffling-
deficient, stableNap1 knockdown fibroblasts (Figure 3A) (Steffen
et al., 2006). Together, these data strongly suggest that myosin II
isoforms and stress fiber-like structures are involved in an entry
pathway that is separable from ruffling-dependent invasion.Host & Microbe 9, 273–285, April 21, 2011 ª2011 Elsevier Inc. 275
Figure 2. Myosin II Activity Affects Effi-
ciency of Salmonella Invasion Indepen-
dently of Membrane Ruffling
(A) Invasion efficiency of S. Typhimurium WT is
reduced to 54.7% ± 2.1% in S-bleb-treated cells
as compared to R-bleb treatment. Noninvasive
DsipB bacteria served as noninvasive controls
(**two-sample t test, p % 0.0006). The data are
normalized to the number of internalized bacteria
in the control condition (per extract and well, given
in column; bacterial numbers correspond to
arithmetic means ± standard error of the mean
[SEM] of bacterial number given in control condi-
tion [8.9%]). Similar results were obtained when
infecting with 53 less bacteria (e.g., multiplicity of
infection < 20; Figure S2B).
(B) Inside/outside staining confirms effects of
S-bleb treatment on bacterial uptake (52.2% ±
1.6% bacteria inside, ***p < 0.0001) and verifies
that host cell attachment of Salmonella is not
affected (101.1% ± 1.2% of total bacterial
numbers counted for R-bleb treatment inside +
outside, p % 0.40). Bacterial numbers given in
columns correspond to counted bacteria/100
cells (SEM of bacterial numbers outside +
inside, ±3.4%; inside, ±2.5%). At least 50 cells
were evaluated for each condition.
(C) Invasion assay reveals an increase in entry of
WTSalmonella into cells treatedwith calA to inhibit
MLCP (130.6% ± 2.7%, *p % 0.0074; SEM of
bacterial number, ±4.6%), while internalization of
DsipB bacteria is not altered.
(A–C) Invasion rates are arithmetic means and
SEMs (error bars) from at least three independent
experiments.
(D)Myosin II inhibition by S-bleb in VA13 cells does
not suppress Salmonella WT-induced Arp2/3
complex-regulated membrane ruffling (arrow-
heads) (Arp2/3 complex was stained with anti-
bodies specific for the p16 subunit [ArpC5], red in
merge; actin filaments, phalloidin staining, green;
Salmonella, DAPI staining, blue).
(E) Time-lapse imaging showing invasion of WT
Salmonella by macropinocytic uptake (black
arrow) resulting in formation of macropinosomes
around internalized bacteria (white arrowheads) in
myosin II inhibited VA13 cells (S-bleb).
Scale bars represent 10 mm. See also Figure S2.
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complex, we combined inhibition of myosin II function (using
S-bleb) with suppression of Arp2/3 complex expression using
Arp3 RNA interference (RNAi). Individual interference with the
function of either Arp2/3 complex or myosin II inhibited entry of
WT Salmonella by 50% (see above and Ha¨nisch et al., 2010).
Interestingly, combination of Arp3 RNAi with myosin II inhibition
reduced entry in an additive fashion, causing a complete block
of specific WT Salmonella invasion. This is suggestive of the
two invasion machineries indeed being separable (Figures 3B
and 3C). In line with this, immunostainings demonstrated that
Salmonella can still induce myosin II-enriched stress fibers
when infecting cells depleted for Arp3 (Figure 3D). As expected,
these structures lacked Arp2/3 complex, as exemplified by276 Cell Host & Microbe 9, 273–285, April 21, 2011 ª2011 Elsevier Inlabeling of the Arp2/3 complex subunit p16 (ArpC5) (Figure 3D)
(Olazabal et al., 2002; Steffen et al., 2006). Consistent with the
observed abolition of entry upon combined Arp2/3 complex
andmyosin II inactivation,Salmonellawereunable to induceactin
rearrangements in these conditions (Figure S3A). In conclusion,
these experiments uncover myosin II-mediated contractility as
a second core mechanism facilitating Salmonella invasion into
nonphagocytic cells, operating in parallel to Arp2/3-catalyzed
actin polymerization.
The Role of Myosin II Is Largely Restricted
to SopB-Mediated Invasion
Three Salmonella virulence proteins, SopE, SopE2, and SopB,
are thought to be capable of directly and independently inducingc.
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GTPases. To define the relative relevance of these effectors in
Arp2/3- versus myosin II-mediated entry, we combined respec-
tive host cell treatments with infection experiments using S.
Typhimurium mutants lacking either SopE and SopE2 (DsopE/
E2) or SopB (DsopB) or all three effectors (DsopE/E2/B). Of
note, Salmonella mutants lacking either SopE and SopE2 or
SopB entered host cells with approximately half the efficiency
of wild-type bacteria (Figure S4A), while, in linewith earlier obser-
vations (Zhou et al., 2001), DsopE/E2/B bacteria were unable to
induce invasion, resulting in entry rates comparable to non-inva-
sive DsipB bacteria. Thus, Salmonellamutants lacking SopE and
SopE2 are assumed to initialize the internalization process via
SopB and vice versa. Invasion rates of bacteria lacking SopE,
SopE2, and/or SopB could in each case be restored by
plasmid-based re-expression of virulence factors (Figure S4B).
The observed entry defect of DsopE/E2/B Salmonella also
demonstrates that any invasion mechanism including myosin
II-dependent uptake requires the activity of either one of the
Sop proteins, SopE, SopE2, or SopB. Consistently, DsopE/
E2/B were neither able to induce stress fibers nor to recruit
Arp2/3 complex (Figure S3B).
When infecting S-bleb- or calA-treated cells with either
DsopE/E2 or DsopB bacteria and measuring invasion rates, we
foundmyosin II to function largely downstreamof SopB. Internal-
ization ofSalmonella through SopE/E2 (DsopBmutant) appeared
almost unaffected by inhibition or stimulation of myosin II activity
(Figures 4A and 4B), while activation of Arp2/3 complex-cata-
lyzed actin polymerization constituted the dominant mechanism
usurped by SopE/SopE2, since internalization of DsopB Salmo-
nella was largely abrogated upon Arp3 depletion (Figure 4C). By
contrast, S-bleb treatment profoundly reduced (by 70%)
SopB-dependent entry (Figure 4D), again irrespective of bacte-
rial loads (Figure S4C), and contractility elevation by calA had
a stimulatory (+60%) effect (Figure 4E). Finally, Arp3 RNAi
caused only a moderate, but statistically significant decrease
of SopB-dependent invasion (<20%), which again was comple-
mentary to myosin II inhibition (Figure 4F). Identical results were
obtained when depleting p21 (ArpC3), another subunit of the
complex (data not shown). We conclude that SopB-mediated
invasion into fibroblasts is mostly driven by myosin II-dependent
contractility, and—to a lesser extent—by an Arp2/3 complex-
dependent pathway. This conclusion is underlined by the finding
that the most frequent type of actin rearrangement caused by
DsopE/E2 bacteria is the induction of stress fibers (Figures 4G
and 4H), which can again form independently of Arp2/3 complex
activity (Figure S4D). Albeit less frequently, DsopE/E2 bacteria
could also induce myosin II-independent membrane ruffles
(Figures 4G and 4H and Figure S4D), indicative of the parallel
stimulation of a SopB-mediated, Arp2/3 complex- and ruffling-
dependent invasion mechanism, perhaps through RhoG (Patel
and Gala´n, 2006).
On the contrary, DsopB bacteria predominantly induced
membrane ruffling (Figure 4H) in the presence or absence of
myosin II activity (Figure S4E). Occasionally, DsopB Salmonella
were also observed to stimulate the formation of stress fiber-
like structures, but only together with ruffles, and in these
instances the stress fibers were usually less prominent than
observed for DsopE/E2 bacteria (Figure 4H and data not shown).CellConsistently, DsopB Salmonella were only rarely observed to
enter Arp3 RNAi cells by inducing stress fiber-like structures
(Figure S4E). Thus, SopE/E2 may in principle also be capable
of activating myosin II-dependent processes in an Arp2/3-inde-
pendent fashion, but this is certainly less prevalent. Future work
is required to more completely unravel the multitude of interac-
tions and pathways exploited by each bacterial effector.
Together, our current results demonstrate thatmyosin II-medi-
ated contractility constitutes a major target triggered by SopB.
Downstream of SopB, contraction-mediated entry and the
induction of stress fiber-like structures appears more relevant
than Arp2/3-dependent actin assembly, yet it operates fully
complementary to the latter. Furthermore, the induction of stress
fibers during SopE/E2-mediated entry does not appear to be
quantitatively relevant. Thus, reduction of invasion of WT Salmo-
nella by myosin II inhibition can mostly be explained by interfer-
ence with the SopB pathway.
Rho and Rho Kinase Are Involved in Regulating Myosin
II-Dependent Invasion
Rho kinase is a well-established activator of myosin II-mediated
contractility and mainly regulated by direct interactions with the
small GTPase RhoA (Conti and Adelstein, 2008). Regulation of
myosin II via Rho kinase has already been proposed to control
positioning of the SCV during later stages of infection (Wasylnka
et al., 2008). To test whether SopB-induced bacterial entry
involves Rho kinase and RhoA, we performed invasion assays
using cells pretreated with either the Rho kinase inhibitor
Y27632 or cell-permeable C3 transferase, which inhibits all three
Rho isoforms (RhoA, B, and C). Similar to the effects of myosin II
inhibition, both treatments caused clear attenuation of Salmo-
nellaWT invasion rates (Rho kinase inhibition,37%; Rho inhibi-
tion, 43%). Internalization rates were decreased even more
when using DsopE/E2 bacteria (Rho kinase inhibition, 65%;
Rho inhibition, 62%), while Y27632 or C3 transferase treat-
ments had little effects on entry of theDsopBmutant (Rho kinase
inhibition,10%; Rho inhibition,7%) (Figures 5A–5F). Note the
robust dissolution of stress fibers and focal adhesions with the
inhibitor concentrations used (Figure S5A and S5B). Inside/
outside staining confirmed the results and verified that neither
treatment interferes with bacterial attachment (Figures 5G and
5H). Importantly, the effects of Rho kinase or Rho inhibition on
Salmonella entry were additive to those exerted by Arp3 RNAi,
but not to myosin II inhibition, strengthening the hypothesis of
a linear pathway of Rho and Rho kinase signaling to myosin
II-mediated contractility, independent of Arp2/3 complex func-
tion (Figures 5I and 5J). Accordingly, suppression of Rho kinase
or Rho activity prevented the formation of stress fiber-like struc-
tures at sites of Salmonella invasion, while induction of
membrane ruffling was unaffected (data not shown).
Phosphoinositides generated byPI3 kinase activitywere previ-
ously suggested to contribute to Rho kinase activation (Yoneda
et al., 2005). Earlier studies established that PI3 kinase signaling
is upregulated during S. Typhimurium infection to ensure host
cell survival and aid SCV maturation (Knodler et al., 2005;
Steele-Mortimer et al., 2000, 2002). Moreover, PI3 kinase inhibi-
tion was reported to affect Salmonella invasion into certain fibro-
blast cell lines, albeit not entry into Vero or HeLa cells (Aiastui
et al., 2010; Ireton et al., 1996; Steele-Mortimer et al., 2002). InHost & Microbe 9, 273–285, April 21, 2011 ª2011 Elsevier Inc. 277
Figure 3. Myosin II Functions Complementary to WAVE Complex-Driven Membrane Ruffling or Arp2/3 Complex Activity
(A) Suppression of membrane ruffling by Nap1 RNAi does not interfere with recruitment of myosin IIA and B (arrows) (anti-MIIA, anti-MIIB, red in merges; actin
filaments, phalloidin, green; Salmonella, DAPI, blue). Immunolabeling of Abi-1 excluded significant accumulation of residual WAVE complex components at entry
sites (not shown).
(B) Invasion rates of WT Salmonella (DsipB, negative control) into control cells (mock RNAi and R-bleb treated) and cells either inhibited for Arp2/3 complex
activity (Arp3 RNAi + R-bleb) or jointly inhibited for Arp2/3 and myosin II activity (Arp3 RNAi + S-bleb). Note that combined inactivation of Arp2/3 and myosin II
activity blocks invasion (0.8% ± 0.2%, ***p% 0.0002), whereas Arp2/3 complex inhibition alone reduces entry rates only by half (47.3% ± 4.9%, **p% 0.0084;
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reduction of SalmonellaWT invasion rates to approximately 50%
(gentamicin protection assay and inside/outside staining) of
vehicle controls, with a minor effect on bacterial attachment
(Figures S5C–S5E). However, as opposed to contraction inhibi-
tors, LY294002 treatment significantly affected both the internal-
ization of DsopE/E2 bacteria (65%) and of DsopB bacteria
(50%) (Figures S5F and S5G) and had a partial, additive effect
on interference with both Arp3 RNAi and myosin II inhibition
(Figures 5I and 5J). Thus, PI3 kinase cannot be attributed to
a specific invasion pathway at present.Myosin IIA and IIB Are Both Involved in Salmonella
Invasion
Mammals express three isoforms of nonmuscle myosin II, A, B,
and C, with the latter one being poorly studied. MIIA and MIIB
both occur in normal as well asSalmonella-induced stress fibers,
but they also have distinct functions (Conti and Adelstein, 2008)
(Figure 1). As S-bleb inhibits all myosin II isoforms, it does not
allow differentiating between the individual paralogs during
Salmonella invasion. To explore a potential specific role for
MIIA or MIIB in S. Typhimurium entry, we assessed invasion
efficiency of fibroblastoid cell lines genetically deleted for either
myosin II isoform (Figure 6). Entry of WT bacteria was slightly
reduced in MIIA or MIIB deleted cells (MIIA knockout, 12%;
MIIB knockout, 25%), but more evidently when infecting cells
with bacteria invading solely by SopB (MIIA knockout, –30%;
MIIB knockout, >40%), while SopE/E2-mediated entry was
not inhibited in a statistically significant manner (MIIA knockout,
4%; MIIB knockout, +12%) (Figure 6). MIIB knockout cells also
displayed moderate, nonspecific uptake of DsipB bacteria, but
the reason for this remains unknown. In conclusion, both MIIA
and MIIB operate in the uptake of S. Typhimurium into nonpha-
gocytic cells stimulated by SopB.The Contraction-Dependent Pathway Is Also Employed
in Epithelial Cell Lines
Previously published data indicated no effect of myosin II inhibi-
tion on Salmonella invasion in HeLa cells (Wasylnka et al., 2008),
which was confirmed in our lab and also holds true for DsopB
bacteria, despite efficient inhibition of myosin II (Figure S6).
However, SopB-mediated (DsopE/E2) entry was indeed sensi-
tive to myosin II inhibition (reduced by >30%), indicating that
the contractility-dependent pathway of invasion is simply
masked in the WT context perhaps by a predominant role of
Arp2/3 complex in this cell line. Due to this ambiguous result,
we sought to screen for the relevance of the contractility pathway
in a panel of additional lines of epithelial origin, focusing on
SopB-mediated entry. Pre-evaluation of inhibitor conditionsstatistical significance of difference between Arp3 RNAi/R-bleb and Arp3 RNAi/S
control condition (per extract and well; SEM of bacterial number, ±15.1%) and rep
experiments.
(C) Western blot documenting Arp3 knockdown (tubulin, loading control).
(D) Immunolabeling demonstrating induction of stress fiber-like structures (arrow
structures (arrowheads) around invading bacteria in Arp3 RNAi cells (upper pane
Arp2/3 complex at entry sites (arrows in bottom panels; anti-p16, red in merge;
See also Figure S3.
Cellwas performed as described above (data not shown). Surpris-
ingly, myosin II inhibition with S-bleb even moderately increased
invasion of canine MDCK (kidney) cells (Figure S6E), whereas it
had a profound inhibitory effect when infecting either human
DU-145 (prostate gland, Figure S6F) or murine C127i (mammary
gland) cells (Figure 7B). SopB-mediated entry was reduced by
almost 70% under these conditions. We have thus chosen
C127i cells to analyze the effects of an interference with myosin
II or its upstream regulators on Salmonella invasion into epithelial
cells in more detail. As in fibroblasts, S-bleb treatment signifi-
cantly inhibited both the engulfment of wild-type and SopE/E2-
deficient bacteria (WT, 43%; DsopE/E2 mutant, 69%), but
not the mutant lacking SopB (DsopB bacteria, 8%) (Figures
7A–7C). Moreover, interference with Rho kinase or with Rho
isoforms phenocopied the effects of myosin II inhibition on
SopB-dependent invasion as in fibroblasts (Rho kinase inhibi-
tion, 63%; Rho inhibition, 65%) (Figures 7D and 7E). These
data strongly suggest conservation of contractility-based
Salmonella entry in the epithelium, with Rho, Rho kinase, and
myosin II acting downstream of SopB (Figure 7F).
Although not observed to an equal extent in all cell lines tested,
we conclude that myosin II-mediated uptake constitutes a
general invasionmechanism employed by Salmonella, operating
in parallel and additive to ruffling- and/or Arp2/3-dependent
entry pathways.DISCUSSION
In this study, we uncover myosin II-mediated contractility as an
Arp2/3-independent mechanism of S. Typhimurium invasion
into nonphagocytic cells. We propose a signaling pathway
ignited by SopB-mediated activation of Rho, Rho kinase, and
eventually myosin II-dependent contractility. We hypothesize
that contractility exerted by stress fiber-like structures may facil-
itate bacterial engulfment by driving membrane invagination
underneath invading Salmonella. In this context, it is interesting
to note that previous electron microscopy analyses reported
SopB-dependent entry into Cos7 cells to predominantly proceed
via membrane invagination and without induction of membrane
ruffles (Stender et al., 2000). Based on our data it is tempting
to speculate that such membrane invaginations are induced
through activation of the Rho/Rho kinase/myosin II pathway,
leading to contraction of stress fiber-like structures that pull on
themembrane underneath bacterial attachment sites. In addition
to or alongside with directly driving contraction, myosin II might
also help to crosslink or stabilize those actin filament bundles
potentially pulling the bacteria inwards.
Interestingly, a previous study reported the phospholipid
phosphatase activity of SopB to locally decrease membrane-bleb, ***p% 0.0001). Invasion rates are normalized to internalized bacteria in
resent arithmetic means and SEMs (error bars) from at least three independent
s) by wild-type Salmonella and formation of myosin II-decorated cave/ring-like
ls). Corresponding immunodetection of p16 (ArpC5) confirms the absence of
actin filaments, phalloidin, green; Salmonella, DAPI, blue).
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Figure 4. Myosin II Activity and Arp2/3
Complex Operate Mostly Downstream of
SopB and SopE/E2, Respectively
(A–F) Results of gentamicin protection assays to
quantify invasion rates of DsopB (A-C) or DsopE/
E2 Salmonella (D–F) upon increase or decrease of
myosin II activity or Arp2/3 complex suppression
or both as indicated. Invasion rates are normalized
to internalized bacteria (per extract and well) in
control experiment. Myosin II activity significantly
affects SopB- (S-bleb treatment, 33.6% ± 2.3%,
**p% 0.0012; calA, 157.1% ± 4.5%, **p% 0.0041)
but not SopE/E2-mediated invasion (S-bleb,
98% ± 3.0%, p% 0.57; calA, 102.9% ± 3.5%, p%
0.49). Identical results were obtained with 53
reduced bacterial load (Figure S4C). Arp3 RNAi
strongly inhibits SopE/E2-induced internalization
(12.6% ± 2.7%, ***p < 0.0001), with little additive
effect of additional S-bleb treatment (8.8% ±
1.6%, ***p < 0.0001), while Arp3 RNAi has
moderate influence on SopB-mediated uptake
(83.7% ± 4.8%, *p % 0.040). As for SopE/E2-
mediated entry, the combination with S-bleb
treatment abolishes SopB-dependent entry
(4.6% ± 2.2%, ***p < 0.0001). p values for differ-
ences between Arp3 RNAi/R-bleb and Arp3 RNAi/
S-bleb are as follows: p% 0.14 for DsopB (C) and
**p % 0.0006 for DsopE/E2 mutant (F). SEMs of
bacterial numbers given in columns are as
follows: ±12.9% (A), ±13.1% (B), ±9.8%
(C), ±5.6% (D), ±4.1%(E), and ±12.4% (F).
(G) S. Typhimurium DsopE/E2 (DAPI, blue in
merge) usually effect strong induction of stress
fiber-like structures (arrows) inmock-treated VA13
fibroblasts stained for actin filaments (phalloidin,
green) and MIIA (red) (predominant phenotype).
Membrane ruffles (arrowheads) are infrequently
induced (rare phenotype).
(H) Quantification of stress fiber induction versus
ruffling by Salmonella mutants as determined by
inspection of infected and immunostained VA13
cells. Invasion events of DsopE/E2 bacteria are
predominantly characterized by the induction of
stress fiber-like structures (65.2% ± 4.1% of
invasion events) and less frequently by formation
of ruffles (15.4% ± 1.4%) or both (19.4% ± 2.7%).
By contrast, DsopB bacteria in most cases
induced ruffling (78.0% ± 0.5%), but rarely stress
fiber-like structures (induction of both structures,
20.2% ± 0.9%; stress fibers alone, 1.7% ± 0.4%).
At least 100 invasion events were classified for
each strain. Data are arithmetic means and SEMs
(error bars) from at least three independent
experiments.
See also Figure S4.
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activity above invading bacteria (Terebiznik et al., 2002). It
remains to be seen how the increase in membrane elasticity
measured by atomic force microscopy (Terebiznik et al., 2002)
will accommodate to the increased actomyosin-based contrac-
tility observed here. Of note, these authors also observed
increased membrane blebbing upon SopB transfection, an
activity that is driven by myosin II and contractility (Charras,
2008). In future experiments, it will be exciting to determine
whether and how individual phosphoinositides generated by280 Cell Host & Microbe 9, 273–285, April 21, 2011 ª2011 Elsevier InSopB can be functionally linked to the induction of actomy-
osin-based contractility.
Notwithstanding this, the myosin II-dependent pathway oper-
ates in addition to the well-established macropinocytic entry
mode, involving WAVE complex/Arp2/3 complex-mediated
membrane ruffling (Criss and Casanova, 2003; Shi et al., 2005).
Additional data indicate an Arp2/3-dependent, but WAVE
complex- and thus ruffling-independent invasion pathway,
engaging the recently identified Arp2/3 complex activator
WASH (Ha¨nisch et al., 2010). These and the data describedc.
Figure 5. Interference with Rho Kinase or Rho
Affects Salmonella Internalization
(A–F) Data show results of gentamicin protection assays to
assess invasion of S. Typhimurium WT, DsipB bacteria as
negative control or different Sop protein mutants with or
without Rho pathway inhibitors as indicated. Data are
normalized to internalized bacteria (per extract and well,
given in column) in control condition for each individual
experiment. Invasion is significantly decreased upon
Y27632 treatment (62.6%± 2.7%, *p% 0.0059) (A). SopB-
mediated entry (DsopE/E2) is more drastically reduced
(35.9% ± 9.1%, *p % 0.0011) upon Rho kinase inhibition
than wild-type bacteria (B), while invasion of DsopB
bacteria remains largely unaffected (90.2% ± 4.2%, p %
0.08) (C). Similarly, pretreatment of cells with C3 trans-
ferase (10 mg/ml) inhibits invasion of wild-type (57.4% ±
0.9%, ***p < 0.0001) (D) and, more dramatically,DsopE/E2
Salmonella (38.2% ± 4.7%, **p% 0.0002) (E) but has only
minor effects on entry of DsopB bacteria (93% ± 1.1%, *p
% 0.003) (F). SEMs of bacterial numbers given in columns
are as follows: ±12.7% (A), ±11.6% (B), ±16.4%
(C), ±6.3% (D), ±4.7% (E), and ±8.4% (F).
(G and H) Results of comparative inside/outside stainings
confirm the inhibitory effects of Y27632 (G) and C3
transferase (H) on WT entry (Rho kinase inhibition,
60.1% ± 10.9%, *p% 0.02; Rho inhibition, 56.7% ± 6.5%,
*p% 0.003) and verify that bacterial association with host
cells (inside + outside) is not affected by this treatment
(Rho kinase inhibition, 107.8% ± 10.0%, p % 0.95; Rho
inhibition, 99.5% ± 9.9%, p % 0.48). Bacterial numbers
given in columns correspond to counted bacteria/100
cells. SEM of bacterial numbers outside + inside, ±2.1%
(G) and ±5.2% (H); inside, ±3.4% (G) and ±4.1% (H). At
least 50 cells were evaluated for each condition.
(I) Arp3 knockdown alone or in combination with Rho
kinase (Y27632), Rho (C3), or PI3 kinase inhibition. Arp3
knockdown and Rho inhibition have additive effects on
Salmonella invasion (WT) (Arp3 RNAi, 48.1% ± 3.6%, **p <
0.001; Arp3 RNAi/Y27632, 3.2% ± 3.6%, ***p < 0.0001;
Arp3 RNAi/C3, 5.7% ± 1.0%, ***p < 0.0001), while PI3
kinase inhibition (using LY294002) does not fully block
Arp2/3-independent entry (Arp3 RNAi/LY294002, 26.2%±
7.6%, **p < 0.001). p values when comparing with Arp3
RNAi were as follows: **p % 0.0002 for Arp3 RNAi/
Y27632, **p% 0.0003 for Arp3 RNAi/C3, and p% 0.13 for
Arp3 RNAi/LY294002. SEM of bacterial number given in
column, ±17.9%.
(J) Combination of Rho, Rho kinase or PI3 kinase inhibition
with blebbistatin (S-bleb) treatment. Rho kinase or Rho
inhibition does not but PI3 kinase inhibition does exert
additional inhibitory effects on Salmonella WT invasion
when combined with myosin II inhibition (S-bleb, 51.6% ± 1.8%, ***p < 0.0001; S-bleb/Y27632, 47.2% ± 3.8%, **p < 0.001; S-bleb/C3, 48.5% ± 0.9%, ***p <
0.0001; S-bleb/LY294002, 19.9% ± 1.1%, ***p < 0.0001). p values when comparing with S-bleb are as follows: p% 0.25 for S-bleb /Y27632, p% 0.17 for S-bleb/
C3, and *p% 0.003 for S-bleb/LY294002. SEM of bacterial number given in column, ±8.0%.
In all cases, invasion rates are arithmetic means and SEMs (error bars) from at least three independent experiments. See also Figure S5.
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nism of Salmonella invasion is just one pathway employed by
Salmonella to gain access into host cells.
S. Typhimurium is capable of infecting diverse hosts and cell
types. It may be evolutionary beneficial, therefore, to target
a broad range of signaling pathways. This hypothesis is strength-
ened by the finding that myosin II was of significant relevance in
most infected cell lines. Moreover, a recent study demonstrated
varying requirement of e.g., individual Rho GTPases for Salmo-
nella entry into different fibroblast cell lines (Aiastui et al.,Cell2010). Thus, our data also call for future experiments aimed at
precisely defining the relative relevance of each pathway in
different cell types potentially reflecting different stages of
Salmonella infection in vivo. Furthermore, penetration of polar-
ized epithelial cells on their apical versus basolateral sides may
also require alternative molecular strategies. Consistently,
previous studies indicated significant differences in the molec-
ular requirements for entry at the two surfaces (Criss et al.,
2001; Raffatellu et al., 2005). Noteworthy, both aspects of
invasion, Arp2/3-driven protrusion and myosin II-mediatedHost & Microbe 9, 273–285, April 21, 2011 ª2011 Elsevier Inc. 281
Figure 6. Effects of MIIA or MIIB Deletion
on Salmonella Invasion
(A–F) Invasion rates of WT and mutant Salmonella
(DsopE/E2, SopB-mediated entry; DsopB, SopE/
E2-mediated entry; DsipB, noninvasive control)
into MIIA expressing control (MIIA+/) and corre-
sponding knockout (MIIA/) fibroblastoid cells or
MIIB knockouts (MIIB/) and control cells
(MIIB+/). WT invasion is slightly decreased in the
absence of MIIA (A) or MIIB (D) (MIIA/, 88.4% ±
0.5%, ** p% 0.002; MIIB/, 75.1% ± 6.1%, *p%
0.024). A stronger effect of MIIA (B) or MIIB (E)
deletion is observed for SopB-mediated entry
(MIIA/, 70.8% ± 6.2%, *p % 0.043; MIIB/,
55.7% ± 5.9%, *p % 0.014), whereas SopE/E2-
induced invasion into MIIA/ cells (C) is compa-
rable to control cells (96.2% ± 2.1%, p% 0.15) or
even slightly increased as compared to control in
MIIB/ cells (F) (112.4% ± 2.2%, *p % 0.005).
Invasion rates are arithmetic means and SEMs
(error bars) from at least three independent
experiments and are normalized to internalized
bacteria in control condition (per extract and well,
given in columns) for each individual experiment.
SEMs of bacterial numbers given in columns are
as follows: ±10.9% (A), ±19.7% (B), ±16.5%
(C), ±13.9% (D), ±16.4% (E), and ±5.6% (F).
(G) Western blots demonstrating presence or
absence of MIIA or MIIB in respective genetically
modified cell line (tubulin, loading control).
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acting at the projecting front, and the other at the trailing edge.
Thus, Salmonella may have evolved to exploit the entire motility
repertoire of the host cell to achieve maximal efficiency when
inducing its uptake, increasing its flexibility when targeting
different cell types and/or subcellular regions. Interestingly,
Salmonella may not be unique in targeting these two core
machineries to facilitate invasion into nonphagocytic cells.
Previous work has shown that Shigella also produces virulence
factors, which induce Rac1-dependent membrane ruffling
(IpgB1) or RhoA-mediated stress fibers (IpgB2) (Alto et al.,
2006; Handa et al., 2007; Klink et al., 2010). Although the induc-
tion of stress fiber-like structures and the engagement of the
myosin II pathway duringShigella entry remain to be established,
IpgB2 was shown recently to contribute to efficient invasion of
polarized Caco2 cells, at least when IpgB1 is absent (Hachani
et al., 2008). The discussed strategy of exploiting several,
complementary actin-based machineries might thus be more
common to pathogenic processes than currently anticipated.
Future experiments will have to clarify whether contractile
actin structures at Salmonella entry sites are generated de
novo, e.g., by activation of actin filament nucleators such as
the formin mDia1, or result from bundling of pre-existing fila-
ments. Exploring the functions of further bacterial effectors in
this context will be equally important. The Salmonella effector282 Cell Host & Microbe 9, 273–285, April 21, 2011 ª2011 Elsevier Inc.SipC can indeed bundle actin filaments
in vitro (Hayward and Koronakis, 1999;
Chang et al., 2005) and may thus
contribute to the assembly of actin fila-
ments into thick stress fiber-like struc-tures in vivo. In support of this hypothesis, an elegant recent
study revealed remarkable synergistic roles of SipC and SopB
for entry (Cain et al., 2008). However, this synergism was inde-
pendent of Rho GTPase activity, while the induction of myosin
II-dependent contractility described here involved both Rho
and Rho kinase signaling. Furthermore, SipC, if involved in
myosin II-dependent invasion, still requires the activity of at least
one of the Sop proteins, as bacteria lacking all three (DsopE/
E2/B) are incapable of both entering the host and inducing the
formation of stress fibers.
Our data strongly indicate that the signaling inducing stress
fiber-like structures is mainly initiated by SopB, although the
pathway constituents upstream of RhoA remain to be estab-
lished. However, as SopE/E2-expressing bacteria occasionally
also induced myosin II-decorated structures we do not want to
rule out that SopE and E2 can also stimulate contractility for
uptake. Nevertheless, this is certainly not dominant at least in
the cell lines tested here, as SopE/E2-dependent entry was
much more sensitive to interference with Arp2/3 complex
function.
In conclusion, our data demonstrate how Salmonella can
usurp actomyosin contraction in order to trigger bacterial inva-
sion. This mechanism mediates Salmonella entry independently
of membrane ruffling and operates complementary to the actin
nucleation activity of Arp2/3 complex.
Figure 7. Relevance of the Myosin II-Dependent
EntryPathway inC127iCells andModelofSignaling
Pathways Driving Salmonella Internalization
(A–E) Entry of S. Typhimurium WT, DsopE/E2, DsopB, or
DsipB (noninvasive control) strains into the murine
epithelial cell line C127i upon pretreatment with contrac-
tility pathway inhibitors as indicated. S-bleb reduced
invasion of WT (A) and even more strongly of DsopE/E2
strains (B) but not of DsopB (C) Salmonella (WT, 56.9% ±
7.2%, *p% 0.004; DsopE/E2, 30.7% ± 5.9%, *p% 0.047;
DsopB, 91.7% ± 6.5%, p% 0.27). Inhibition of Rho kinase
using Y27632 (D) or of Rho using C3 transferase (E) also
phenocopies the strong inhibitory effects on SopB-
induced internalization observed in fibroblasts (Rho kinase
inhibition, 36.7% ± 5.3%, **p < 0.001; Rho inhibition,
34.6% ± 4.2%, **p% 0.001. Invasion rates are arithmetic
means and SEMs (error bars) from at least three inde-
pendent experiments and are normalized to internalized
bacteria in control condition (per extract and well, given in
columns) for each individual experiment. SEMs of bacte-
rial numbers given are as follows: ±11.4% (A), ±5.1%
(B), ±18.5% (C), ±11.1% (D), and ±8.7% (E).
(F) Model of signaling pathways driving Salmonella inter-
nalization. Bacterial effectors are depicted in blue, host cell
proteins in black. In order to induce bacterial entry, SopE,
SopE2, and SopB can activate Rac1 or RhoG, presumably
leading to activation of the Arp2/3 complex via NPFs such
as WAVE complex or WASH. Alternatively, SopB can
initialize a contractility-dependent invasion mechanism by
targeting Rho isoforms such as RhoA, resulting in succes-
sive stimulation of Rho kinase and nonmuscle myosin II.
Dependingon thepathwayemployed,membrane rufflesdo
(WAVE complex/Arp2/3 complex-dependent macro-
pinocytic mode) or do not (myosin II-dependent or WASH/
Arp2/3 complex-dependent mode) constitute a crucial
component of the internalization mechanism (ruffles indi-
cated by dashed lines). PM, plasma membrane.
See also Figure S6.
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Chemicals
BDM was purchased from Sigma (Taufkirchen, Germany) and blebbistatin
enantiomers from Toronto Research Chemicals (Toronto, Canada). Y27632
was obtained from Biozol (Eching, Germany), LY294002 from Invitrogen
(Karlsruhe, Germany), calA from Calbiochem (VWR, Darmstadt, Germany),
and cell-permeable C3 transferase from Cytoskeleton (Denver, USA).
Bacterial Strains and Cell Lines
The employed S. Typhimurium strain SL1344 (Hoiseth and Stocker, 1981) and
its isogenic derivatives were grown in LBmedium according to standard proto-
cols. Generation of the DsipB and of the DsopB strain was described earlier
(Ha¨nisch et al., 2010; Steele-Mortimer et al., 2000). The DsopE/sopE2 strain
was constructed with lambda red recombinase-mediated allelic exchange as
described earlier for generation of the DsipB strain (Ha¨nisch et al., 2010).Cell Host & Microbe 9Plasmid-based re-expression of SopE, SopE2 and SopB
in Salmonellamutants was performed with electroporation
(O’Callaghan and Charbit, 1990). For generation and
culture conditions of different host cell lines, see the
Supplemental Experimental Procedures.
Transfections and RNA Interference
Arp3 knockdown was performed with short hairpin RNA
expression as described (Steffen et al., 2006). Knockdown
vectors were transfected with FuGENE 6 (Roche, Man-nheim, Germany) according to manufacturer’s protocols, and knockdown
cells were employed for invasion assays at day 4 after transfection as
described (Ha¨nisch et al., 2010).
Quantification of Bacterial Invasion
Bacterial invasion was quantified with the gentamicin survival assay (Elsing-
horst, 1994), which was performed and evaluated as described previously
(Ha¨nisch et al., 2010) and by inside/outside staining. Further details are given
in the Supplemental Experimental Procedures.
Western Blotting and Immunolabelings
Immunoblotting was performed with enhanced chemiluminescence according
to standard protocols. Monoclonal anti-tubulin antibody (clone 3A2) was
purchased from Synaptic Systems (Go¨ttingen, Germany), anti-Akt and anti-
phospho-Akt antibodies were from Cell Signaling (Danvers, MA). Monoclonal
and polyclonal anti-MIIA as well as polyclonal anti-MIIB antibodies were, 273–285, April 21, 2011 ª2011 Elsevier Inc. 283
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Myosin II-Mediated Invasion of Salmonellafrom Abcam (Cambridge, UK). Polyclonal anti-Arp3 antibodies were as
described (Steffen et al., 2006). Immunolabeling experiments and analyses
of inhibitor-treated cells and of bacterial invasion events were performed
according to standard protocols as detailed in the Supplemental Experimental
Procedures.SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures
and six figures and can be found with this article online at doi:10.1016/j.
chom.2011.03.009.
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